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Rare, Structurally Homologous Self-Peptides
Promote Thymocyte Positive Selection
studies have shown that positive selection depends on
signals arising from TCR interactions with self-peptide/
MHC ligands. However, the nature of these interactions
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able to induce positive selection (Ignatowicz et al., 1997;
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all of these studies suffer from the same drawback:Summary
while they describe ligands that can promote positive
selection in experimental situations, they may not accu-Although it is clear that positive selection of T cells
rately reflect the properties of the natural self-peptide/involves recognition of specific self-peptide/MHC com-
MHC ligands that drive positive selection in vivo.plexes, the nature of these self-ligands and their rela-
We identified a naturally occurring self-peptide (pre-tionship to the cognate antigen are controversial. Here
viously called CP1 but hereafter referred to aswe used two complementary strategies to identify nat-
Cappa192–99) that induced positive selection of the OT-Iurally occurring self-peptides able to induce positive
TCR (Hogquist et al., 1997). To reveal additional select-selection of T cells bearing a specific T cell receptor,
ing self-peptides, we independently used two differentOT-I. Both the bioassay- and bioinformatics-based
approaches: natural peptide isolation and sequencingstrategies identified the same self-peptides, derived
by mass spectrometry, and a reverse approach thatfrom F-actin capping protein and -catenin. These
uses bioinformatic tools to predict candidate self-pep-peptides displayed charge conservation at two key
tides from public databases (Santori et al., 2001). Intrigu-TCR contact residues. The biological activity of 43
ingly, both approaches confirmed the identification ofother self-peptides and of complex peptide libraries
Cappa192–99 and uncovered a novel naturally occurringdirectly correlated to the extent of conservation at
peptide, derived from -catenin. The latter mediatesTCR contact residues. These results demonstrate that
efficient positive selection of OT-I T cells, acts as a TCRselecting self-peptides are rare and can be identified
antagonist for mature OT-I T cells, and has a high degreeby homology-based search strategies.
of homology with the antigenic OVA peptide in amino
acid residues contacting the TCR. Furthermore, analysisIntroduction
of peptide mixtures of defined complexity suggested
that such homology was necessary for OT-I thymocyteT cell development in the thymus involves several selec-
recognition.tion steps where the T cells are tested for the presence
and specificity of their T cell receptors (TCRs). At the
CD48 (DP) stage of development, the cell faces the
Resultsprospect of survival through positive selection, death via
neglect (the default fate), or negative selection. Numerous
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Figure 1. Two Strategies for Identification of Natural Self-Peptide/
MHC Complexes Inducing Positive Selection
(A) The bioscreen approach.
(B) The bioinformatics approach. See text for details.
(Figure 1). In the first approach, Kb molecules (the class I
MHC allele recognized by OT-I during positive selection)
were purified from cell lines and tissues. The Kb-associ-
ated peptides were extracted and resolved via reverse
phase HPLC. These HPLC fractions were screened with
a sensitive coreceptor dulling assay, which measures
reduction of cell surface CD4/CD8 expression that re-
sults following TCR interactions with both high- and low-
affinity ligands (Hogquist et al., 1997). The identities of
peptides within active fractions were determined by tan-
dem mass spectrometry. Peptides synthesized on the
basis of the obtained sequences were tested for core-
ceptor dulling and promotion of positive selection in the Figure 2. Functional Properties of Self-Peptides
FTOCs. Using this approach, we previously identified (A) Self-peptides were eluted from purified Kb molecules and frac-
the peptide Cappa192–99 (formerly called CP1). In multi- tionated by reverse-phase HPLC. A coreceptor downregulation
ple experiments using Kb isolated from two different assay with OT-I/TAP-1-deficient thymocytes was used to identify
bioactive fractions. This figure shows representative data from morecell lines (EL4 and LB27.4), we consistently found three
than six preparations.major peaks of activity in OT-I dulling assays (Figure
(B) Peptides sequenced from active (Catnb329–336, Mapk119–26, and2A) and some less intense peaks which appeared when
Cappa192–99) or inactive (P815p) fractions were synthesized, and themore material was tested in the assay (Hogquist et al., dose response curve for activation of thymocytes or mature lymph
1997; data not shown). We derived 17 novel peptide node and splenic T cells was determined. The response to OVAp and
sequences of which four came from fractions that were the OVAp variant, E1, are shown for comparison. For thymocytes,
coreceptor downregulation after 24 hr of in vitro culture with perito-active in the dulling assay (source 1, Figure 3) and 13
neal exudate antigen-presenting cells was measured. For mature Tcame from inactive fractions used as controls (source
cells, CD69 upregulation after 24 hr of in vitro culture with splenic2, Figure 3). Twelve of these peptides matched mouse
APC was measured.
protein sequences found in the GenBank database (Fig- (C) TCR antagonism was measured using a cytolysis assay. Target
ure 3) while four did not have an identical match. Addi- cells (EL4) were prepulsed with 100 pM OVAp and then cultured
tional naturally occurring Kb self-peptides described in with OT-I CTL in the presence or absence of the indicated peptides.
The graph shows the percent inhibition of lysis compared to thethe literature (source 3, Figure 3) were also synthesized
killing measured in the absence of a second peptide (19% specificand tested in the OT-I dulling assay. As a control, these
lysis in the experiment shown). The data are representative of atpeptides were also tested using thymocytes bearing the
least three experiments.
2C TCR, which is also positively selected on Kb. None
of the self-peptides were active in the 2C dulling assay,
although this assay was able to detect the dev8 peptide
(listed in Figure 3 as Ndufa454–61). Ndufa454–61 is a naturally peptides were inactive (Figures 2B and 3). Catnb329–336
was considerably more efficient at inducing dulling thanoccurring self-peptide previously shown to be recog-
nized by the 2C TCR (Tallquist et al., 1996) and sug- Cappa192–99; indeed, the activity of Catnb329–336 was simi-
lar to that of E1 (sequence EIINFEKL), an antagonistgested to be a positively selecting ligand for 2C.
Of the self-peptides sequenced from active fractions variant of OVAp which we previously showed to be capa-
ble of inducing efficient OT-I positive selection in FTOC(Figure 3) (Cappa192–99, Catnb329–336, Mapk119–26, PHIS, and
Dnchc11379–1387), only Catnb329–336 and Cappa192–99 showed and in vivo (Hogquist et al., 1994; Jameson et al., 1994;
Stefanski et al., 2001). In the same assays, these pep-reactivity in the OT-I dulling assay whereas all the other
Self-Ligands Involved in Positive Selection
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Figure 3. A List of Naturally Occurring Self-Peptides Presented by the Murine Kb Molecule and Their Activity in an OT-I Thymocyte Dulling
Assay
The foreign antigenic peptide OVA257–264 (OVAp) is shown at the top of the table. Peptides were identified in this report by sequencing from
active fractions (source 1) or nonactive fractions (source 2) or were identified previously in the literature (source 3). Similarity scores (both
GSS and TSS) were calculated for all peptides. Peptides derived from known proteins were named according to the UniGene convention
followed by the amino acid number. Acidic residues are highlighted as bold blue letters; basic residues are highlighted as bold red letters.
tides were tested for their ability to induce CD69 upregu- mouse protein fragments that contain MHC anchor bind-
ing motifs (Falk et al., 1991). These databases were thenlation, a response known to accompany thymocyte posi-
tive selection in vivo. Again, Catnb329–336 displayed subjected to profile similarity searches (Gribskov et al.,
1987). In addition to the previously used global similarityactivity similar to the E1 variant peptide, while
Cappa192–99 stimulated a weak but consistent response score (GSS), in this study we made use of a new parame-
ter, the T cell receptor contact residue similarity score(data not shown). On the other hand, none of these self-
peptides induced CD69 upregulation by mature OT-I T (TSS). Calculation of the TSS was undertaken upon not-
ing that Cappa192–99 has a functionally relevant chargecells (Figure 2B). This is to be expected, as sensitivity
toward low-affinity TCR ligands is lost as T cells mature conservation with OVAp at key TCR contact sites (Hog-
quist et al., 1997). Candidate peptides were chosen(Davey et al., 1998; Lucas et al., 1999). Determination of
the Cappa192–99 sequence has been reported previously based on the similarity scores (both GSS and TSS), pre-
dicted ability to bind MHC (Rammensee et al., 1999),(Hogquist et al., 1997), while representative tandem MS/
MS data for Catnb329–336 is shown in Figure 4A. and expression of the parent protein in the thymus (de-
rived from the UniGene database). Peptide profiles were
calculated using either single sequence or multiple se-Bioinformatics-Based Approach for Identification
of Naturally Occurring Self-Peptides that Can quence alignments. The latter depends on knowledge
of functional epitope analogs that induce desired biolog-Induce Positive Selection of OT-I Thymocytes
In the bioinformatics-based approach (Santori et al., ical activity, which are available in the OT-I model (Hog-
quist et al., 1994; Jameson et al., 1994). Using multiple2001), we built sequence databases of all available
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Figure 5. A List of Self-Peptide Candidates Identified by Similarity to OVAp
This table shows the global similarity score (GSS) as well as the T cell receptor contact residue similarity score (TSS) (see Experimental
Procedures) for 15 putative self-peptides with highest similarity to OVAp (shown at top). Peptides were named according to the UniGene
convention followed by the amino acid number. Kb-binding values were assigned according to the peptide concentration required to stabilize
50% of maximal Kb expression on RMA-S cells: , 0.1 M; , 1 M; , 10 M; /,  100 M. Peptides showing 40% of maximal
activity in an OT-I dulling assay at 100 pM, 10 nM, 1 M, or 10 M were assigned , , , or , respectively. For positive
selection, peptides were assigned  if the mean percentage of CD4CD8 thymocytes obtained in FTOCs was above mean plus one standard
deviation of the control peptide-treated FTOCs.  was assigned when experimental means were above the range of three standard
deviations of control, and / was assigned for mean that was nearly identical to the control mean plus one standard deviation. Detection
of peptide in the thymus by mass spectrometry is indicated  if the expected mass/charge ratio was found and sequence confirmed by
postsource decay experiments. Asterisk indicates where an ion of the appropriate mass/charge ratio was detected (see Figure 4), but the
sequence by postsource decay was not obtained. Acidic residues are highlighted as bold blue letters, basic residues are highlighted as bold
red letters.
alignment, Cappa192–99 ranked fifteenth in the collection based search strategy was used, it is perhaps not sur-
prising that 13 out of 15 peptides induced dulling activityof 32,056 Kb binding motif peptides (data not shown).
Therefore, multiple alignment was used for identification to varying degrees. As predicted, peptides with low TSS
were largely ineffective.of seven candidate peptides: Inpp5d382–389, Catnb329–336,
Mapk8267–274, Rrm1459–466, Ly9509–516, Cdk78–15, and To determine whether the peptides predicted by the
database search were naturally presented by MHC com-Pou6f1184–191 (Figure 5). Four additional peptides
(Tbx1207–214, Spi1556–63, Fxr1h105–112, and Tbx14169–176) were plexes, Kb molecules were immunopurified from a total
thymus extract, and the total mixture of eluted peptidessynthesized to test the sensitivity of single sequence
alignment, and three peptides with high GSS but low was analyzed by MALDI-TOF mass spectrometry. Pep-
tides of monoisotopic masses within the experimentalTSS (Epb4.9341–348, Rev312828–2835, and Epb4.9319–326) were
synthesized to test the potential importance of the TSS errors (25 ppm) of the predicted masses of Cappa192–99,
Catnb329–336, and Mapk8267–274 were found (Figure 4B).in our prediction algorithm.
Candidate and control peptides identified by the bi- Upon separation of eluate by reversed phase HPLC, we
could confirm the identity of Catnb329–336 (Figure 4C) andoinformatics approach were synthesized and tested for
the ability to bind Kb and to interact with OT-I TCR in the Cappa192–99 (data not shown) in postsource decay exper-
iments. We could not confirm the identity of Mapk8267–274coreceptor dulling assay (Figure 5). Since a homology-
Figure 4. Mass Spectrometric Analysis of Kb-Associated Self-Peptides
(A) Identification of Catnb329–336 in an HPLC fraction with activity in the OT-I dulling assay. Peptides associated with Kb (immunoprecipitated
from LB27.4 cells) were resolved by HPLC and tested for OT-I dulling activity. Active fractions (corresponding to the first active peak in Figure
2) were consistently (three out of three experiments) found to contain an ion of mass 1073.6. The ion was subjected to tandem MS/MS analysis
using a Q-Tof2 mass spectrometer, generating the spectrum shown.
(B) MALDI-TOF mass spectrometry of Kb-associated peptides from C57BL/6 thymus. Spectra of normal mouse serum (control) or anti-Kb
(experimental) precipitated peptides from total thymus extract. Peptides eluted from Kb show several peaks, including three corresponding
to the mass/charge (m/z) of Mapk8267–274 (914.41), Cappa192–99 (1006.51), and Catnb329–336 (1073.56) (identified by asterisks).
(C) The sequence of the thymus-derived peptide of m/z 1073.56 (identified in [B]) was determined to be Catnb329–336 using postsource decay
on a MALDI-TOF mass spectrometer.
In (A) and (C), the predicted y- and b-series ions (Biemann, 1990) for the Catnb329–336 peptide are shown above the experimental spectra.
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Figure 6. Selected Peptides Induce Positive
Selection in FTOC
OT-I/TAP-1-deficient fetal thymi were cul-
tured for 7 (A) or 10 (B) days in the absence
or presence of the indicated peptides. Thymic
lobes were individually disaggregated and
stained for CD8, CD4, TCR, and CD24.
(A) A representative CD4 versus CD8 dot plot
of cultures treated with 5 M P815 or
Catnb329–336 peptide. The percent of cells
found in each gate is indicated. The histo-
gram displays the V2 staining on total thy-
mocytes. A 3.6-fold average increase in the
yield of TCRhi CD4CD8 thymocytes was ob-
served in cultures treated with Catnb329–336,
compared to control cultures treated with
P815 or no peptide (data not shown).
(B) A bar graph showing the average percent-
age (/ standard error) of CD4CD8 thy-
mocytes induced in OT-I/TAP-1-deficient or-
gan cultures treated with a 300 M
concentration of the indicated peptide. (n)
represents the number of lobes used for cal-
culation. Lobes treated with control peptide
were combined. Note that (A) and (B) are from
different experiments.
due to multiple peptide species with similar masses in presentation could not be confirmed. These findings
suggest that the sensitivity of dulling assay exceeds thethe HPLC fraction. Nevertheless, we believe that
Mapk8267–274 is presented in vivo, since an ion of mass sensitivity of FTOC. Collectively, these results show that
we have identified several self-peptides (some actual914.41 from immunopurified thymus extracts coeluted
with synthetic Mapk8267–274 peptide by C-18 HPLC. From and some putative) that may be involved in positive
selection of OT-I thymocytes in vivo.MALDI-TOF peak intensities and UV absorbance at 214
nm during HPLC, we estimate that Catnb329–336 and In previous work, we and others showed that TCR
antagonists (Hogquist et al., 1994; Santori et al., 2001;Cappa192–99 accounted for approximately 0.54% and
0.45% of the total peptide mass present in the original Smyth et al., 1998) and weak agonists (Kraj et al., 2001a;
Sebzda et al., 1996) can drive positive selection. Weeluate of the thymus cell extract, respectively. Remark-
ably, these approaches independently identified two therefore tested Catnb329–336 along with Cappa192–99 in
OT-I agonist and antagonist assays. As shown in Figurenaturally occurring self-peptides presented by Kb in vivo
which can stimulate OT-I thymocyte dulling, of which 2C, Catnb329–336 but not Cappa192–99 behaves as an antag-
onist for the OT-I TCR. Thus, antagonist activity doesCatnb329–336 is the more abundant and active.
not always correlate with the potential of peptides to
promote positive selection. Nevertheless, our data sug-Functional Activity of Selecting Peptides
The dulling assay has proven useful in detecting positive gest that ligands displaying antagonist activity may be
prominent in promoting positive selection. Given theselecting TCR ligands, but the assay system does not
actually support T cell maturation. Thus, we tested the abundance and strong biological activity of Catnb329–336,
we would predict it to have a substantial role in selectionability of peptides to drive positive selection in FTOC.
OT-I positive selection is severely reduced in TAP-1- of OT-I thymocytes under physiological conditions.
deficient thymi due to the lack of available class I ligands
but can be restored by the addition of suitable peptides TCR Contact Residue Charge Conservation Is a
Common Feature of OT-I-Selecting Self-Peptidesincluding Cappa192–99 (Hogquist et al., 1997). Catnb329–336
supported OT-I positive selection at as low a concentra- Intriguingly, all peptides that induced dulling activity in
OT-I thymocytes showed some homology with OVAp,tion as 5 M, as determined by the increase in the num-
bers of mature CD4CD8TCRhi thymocytes (Figure 6). having identity or charge conservation at positions 6
and 7, which are exposed TCR contact residues forCD8 T cells selected by Catnb329–336 were not only phe-
notypically mature but were functional, showing reactiv- OVAp (Fremont et al., 1995; Jameson and Bevan, 1992;
Kelly et al., 1993). Of all the peptides used in this study,ity toward OVAp in a proliferation assay (data not
shown). All peptides that failed to induce dulling were there was an interesting correlation between the GSS/
TSS and the ability of peptides to induce dulling activityalso unable to induce selection in FTOC, while peptides
with good dulling activity (Inpp5d382–389, Mapk8267–274, and (Figure 7A). Only one of the seven selecting peptides
(Rev312828–2835) did not have an “acid,basic” motif at p6,7,Rrm1459–466) induced efficient positive selection (Figure
6B). Interestingly, two peptides that induced dulling and this peptide showed only weak biological activity
(Figures 5 and 6B). To test the significance of this se-(Ly9509–516 and Pou6f1184–191) failed to promote positive
selection in FTOC. This could be ascribed to poor bind- quence homology, we performed a partial alanine scan
of the Catnb329–336 peptide, substituting positions 1, 4, 6,ing to Kb (Figure 5) and might explain why their natural
Self-Ligands Involved in Positive Selection
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Figure 7. Similarity to Antigen Is an Important Feature for Activation of OT-I Thymocytes
(A) Correlation between the similarity scores and dulling activity of peptides.
(B) Mutational analysis of the Catnb329–336 peptide. Synthetic peptides with the indicated amino acid substitutions at different positions within
the peptide were tested for activity in a coreceptor downregulation assay using OT-I/TAP-1-deficient thymocytes.
(C) Peptide mixtures with a theoretical complexity of 6300 were synthesized. Mix 1 allowed an acidic amino acid at position 6 and a basic
amino acid at position 7. Mix 2 allowed the acidic residue at position 6 but not the basic at position 7. Mix 3 allowed neither conserved
residue.
(D) The dose response curve for peptide mixtures 1, 2, and 3 in an OT-I/TAP-1-deficient coreceptor downregulation assay.
or 7 with alanine. These mutations did not impair peptide DP dulling assay, being similar to the wild-type
Catnb329–336 peptide (Figure 7D). Mixture 2, however,binding to Kb as measured using the RMA-S stabilization
assay (data not shown). Mutant peptides were then showed reduced activity, and the mixture that did not
allow charge conservation at p6 and 7 showed no activ-tested for their ability to induce OT-I dulling. Substitution
at position 1 had no effect, at position 4 activity was ity in the dulling assay. Dulling activity induced by pep-
tide mixtures was specific for OT-I TCR as none of thereduced by 50%, and at positions 6 and 7 activity was
abolished (Figure 7B). However, conservative substitu- mixtures had any dulling activity for 2C TCR transgenic
thymocytes (data not shown). Taken together, these re-tions at positions 6 and 7 partially or fully restored activ-
ity, showing the functional importance of charge conser- sults suggest an important role for conserved TCR con-
tact residues in the recognition of self-peptides by OT-Ivation at these residues.
In a second approach, we created synthetic peptide thymocytes.
mixtures as indicated in Figure 7C. Mixture 1 allowed
amino acid variability at TCR contact positions 1, 4, 6, Discussion
and 7, including an acidic amino acid at position 6 and
a basic amino acid at position 7. Mixture 2 incorporated The Abundance of Selecting Self-Peptides
Using two independent approaches, we identified twothe same amino acids as mixture 1, except that a basic
residue at position 7 was disallowed. Mixture 3 permit- naturally occurring self-peptides that support positive
selection of the class I-restricted TCR, OT-I. These pep-ted neither acidic residues at position 6 nor basic resi-
dues at position 7. All mixtures encoded a potential tides, derived fromcatenin and F-actin capping protein
did not activate mature T cells. However, they did acti-complexity of 6300 and bound Kb with identical effi-
ciency (measured using RMA-S stabilization assay; data vate thymocytes, inducing coreceptor downregulation,
CD69 upregulation, and positive selection. Peptides thatnot shown). Mixture 1 showed strong activity in an OT-I
Immunity
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can be recognized by the OT-I receptor are not common occur with a 1/25 frequency in synthetic peptide libraries
enhanced the OT-I-specific dulling activity by100-foldamong the self-peptide repertoire presented by the Kb
molecule. A total of 32 naturally occurring self-peptides (Figures 7C and 7D). The fact that peptides with the
YEKL motif displayed distinct potencies in activating theidentified by coprecipitation with Kb are known, includ-
ing 11 novel sequences published here. Only two of OT-I thymocytes suggests that there may be additional
factors determining the stimulatory potential of self-these, Catnb329–336 and Cappa192–99, are recognized by
OT-I. Of these, Catnb329–336 stands out as a better candi- peptides. Given that the second highest scoring peptide
in a homology search identified the same peptide asdate for in vivo function due to its abundance and higher
activity level in OT-I bioassays. The 2C TCR, which is an unbiased bioactivity-based approach (Catnb329–336),
these experiments provide the proof of principle thatalso selected on Kb, recognizes only one of the 32 self-
peptides (data not shown). This peptide, Ndufa454–61 selecting self-peptides can be predicted using homol-
ogy-based search strategies.(dev8), is distinct from Catnb329–336 or Cappa192–99. The
rarity of selecting self-peptides we find here stands in
contrast to a previous report, which found that two out Is Structural Homology a Universal Feature
of three randomly sequenced Db binding peptides were of Selecting Peptides?
able to select specific CD8 T cells in another TCR trans- An important issue raised by this work is whether similar-
genic system (Hu et al., 1997). However, peptide doses ity to antigen is a universal feature of self-peptides that
in that report were over 100-fold higher than for OT-I promote positive selection. A significant body of work
selection with Catnb329–336. In addition, a separate study on this topic has been published. One approach, using
found that even among putative self-peptides chosen single complex transgenic mice, has suggested that
for their homology to the H-Y male peptide, only one out positive selection ligands do not need to be structurally
of ten was capable of efficiently promoting thymocyte related to the antigenic peptide ligand. C57BL/6 DM-
selection (Santori et al., 2001). Likewise, among Db bind- deficient mice, which predominantly present the CLIP
ing peptides chosen for their homology to the viral anti- peptide via I-Ab, produce a diverse repertoire of CD4 T
genic peptide recognized by the P14 TCR, only two cells capable of responding to class II peptides unre-
out of sixteen were capable of promoting thymocyte lated to CLIP (Surh et al., 1997; Tourne et al., 1997).
selection (Ohteki et al., 1999). Finally, in a screen of all However, it was subsequently shown that many CD4 T
peptides extracted from thymic Kb molecules, only one cells in these mice are selected by the diverse self-
self-peptide was detected as being capable of initiating peptides that are presented by I-Ab at very low levels
DP dulling and positive selection in N15 TCR transgenic (Grubin et al., 1997). Therefore, the studies on selection
thymocytes (Sasada et al., 2001). Altogether, these re- specificity in DM-deficient mice cannot be interpreted
sults suggest that the number of functionally relevant in a straightforward fashion. In mice with peptides cova-
self-peptide ligands for a typical class I-restricted TCR lently linked to class II, this leaky self-peptide presenta-
is low. If, indeed, selecting self-peptides are rare under tion occurs much less frequently. Indeed, evidence sug-
physiologic circumstances, then certain antigen speci- gests that the majority of CD4 T cells present in IAb-Ep
ficities could be lost due to the absence of a suitable transgenic mice are selected on IAb-Ep complexes, as
self-peptide. Consistent with this notion, the lack of re- their development in organ cultures can be blocked by
sponsiveness to an ovalbumin antigen in bm8 mice can the peptide-specific antibody YAe (Pacholczyk et al.,
be explained by the absence of appropriate selecting 2001). In these mice, although the CD4 T cell repertoire is
self-peptide(s) (Nikolic Zugic and Bevan, 1990; Stefanski significantly less diverse, immune responses to antigens
et al., 2000). Lack of available self-peptides for positive unrelated to Ep can be observed nonetheless (Ignato-
selection may underlie nonresponsiveness to other anti- wicz et al., 1997). This suggests that structural homology
gens as well. is not a mandatory feature of positive selection ligands.
However, these results cannot be interpreted to mean
that structural homology does not play an importantStructural Homology Is Important for OT-I TCR
An intriguing feature of the two self-peptides that can role in normal mice, where individual self-peptide/MHC
complexes are present among a diverse mix of peptidesselect OT-I T cells is their structural homology to the
antigenic peptide. Both selecting peptides have similarly at levels 1–3 logs lower than in single complex mice.
Consistent with this, it was found that TCRs clonedcharged residues to the antigenic peptide at positions
6 (acidic) and 7 (basic). Alanine substitution analysis from IAb-Ep mice were not selected normally when
expressed as TCR transgenes in vivo (Kraj et al., 2001b).of all three peptides showed that these residues are
important for TCR recognition (OVAp [Jameson et al., To understand the peptide requirement for positive
selection in normal mice, investigators have sought to1993], Cappa192–99 [Hogquist et al., 1997], Catnb329–336
[Figure 7]). Interestingly, the final four amino acids of the determine peptide ligands capable of positive selection
of thymocytes from conventional TCR transgenics.Catnb329–336 peptide (YEKL) are found frequently among
murine proteins. Since this motif forms the core of OT-I Since the T cells from which these receptors were cloned
originally came from normal mice, it is thought that thisrecognition, it may not be surprising that all eleven puta-
tive peptides found in the database search having the approach more accurately reflects physiological selec-
tion requirements. Initial studies focused on the anti-original motif or conservative changes exhibited dulling
activity (Figure 5). However, many of these peptides genic peptide and altered peptide ligands (APL), where
the approach presumes that selecting peptides will bewere not detected by mass spectrometry analysis, sug-
gesting that they are either not abundant or not pre- related to the antigenic peptide. Some studies found
that low doses of the antigenic peptide promoted posi-sented at all by Kb in living cells. Allowing this motif to
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tive selection (Ashton-Rickardt et al., 1994; Kraj et al., tides but did not discern whether typical selecting pep-
tides have homology or not. Of note, several peptides2001a; Sebzda et al., 1994). Subsequently, however,
such agonist-selected T cells were found to be function- with high similarity scores were unable to induce posi-
tive selection in these studies. Therefore, amino acidally and/or phenotypically abnormal (Chidgey and Boyd,
1997; Girao et al., 1997; Kraj et al., 2001a; Sebzda et al., similarity does not perfectly predict biological activity,
as has been appreciated in previous studies of T cell1996). The more common result among various ap-
proaches was that nonstimulatory or weakly stimulatory activation. Nonetheless, a combination of the GSS and
TSS provides significant improvement and two selectingaltered peptide ligands promoted positive selection.
This has been observed in both class I- (Hogquist et al., self-peptides (Catnb329–336 or Cappa192–99) were both pre-
dicted in this TCR transgenic model (Figures 3 and 5).1994; Ober et al., 2000; Sebzda et al., 1996, Sasada et
al., 2000) and class II-restricted systems (Ignatowicz et Finally, two groups have identified selecting self-pep-
tides based entirely on bioactivity. For this, we and Sa-al., 1997; Liu et al., 1998; Williams et al., 1999), and using
both organ culture and in vivo approaches. This result, sada et al. used a thymocyte-dulling assay to screen
HPLC fractions of peptides eluted from Kb. The se-that related but weakly stimulatory peptides promote
positive selection, is consistent with what we here report quences of individual peptides from those fractions
were obtained using tandem mass spectrometry, andfor self-peptides and in general supports an affinity
model of thymic selection (Gascoigne et al., 2001). While synthetic candidate peptides were tested for their ability
to drive selection in organ cultures. As discussed above,these studies of APL determined that related peptides
can induce positive selection, they do not comment on for OT-I, this led to the identification of two peptides
with high homology to the antigenic peptide. In the casewhether or not the naturally occurring self-peptides that
promote positive selection are related. of N15, only one HPLC fraction showed bioactivity. A
peptide derived from NADH ubiquinone oxidoreductaseThree basic approaches have been used to identify
naturally occurring selecting self-peptides for individual (which we originally named NUbO [Hogquist et al., 1997]
and is named Ndufa461–68 in Figure 3) showed excellentTCRs. In the studies of Ashton-Rickardt’s group (Hu et
al., 1997; Ober et al., 2000), naturally occurring Db bound selection activity in N15 fetal thymic organ cultures (Sa-
sada et al., 2001). Nonetheless, this peptide showedself-peptides were extracted from a thymic epithelial
cell line, and three abundant peptides were sequenced no homology to the viral antigenic peptide for the N15
receptor, except at MHC anchor positions. Previousrandomly. Two of these induced positive selection of
F5 (Hu et al., 1997) and H-Y (Ober et al., 2000) TCR studies of viral antigen APL in the N15 system high-
lighted the significance of p4 residues in the peptide andtransgenic T cells and showed charge conservation at
P7 (for F5) and P4 (for H-Y), while nonselecting peptides the CDR1 region of the TCR chain in positive selection
(Sasada et al., 2000). They further showed that the p4did not show this charge conservation. Nonetheless,
these peptides only promoted modest CD8 positive se- side chain directly affected the conformation of a partic-
ular residue in the MHC molecule (Ghendler et al., 1998).lection, even at very high (300 M) peptide concentra-
tions. Given the existence of several putative self-pep- Together this led the authors to speculate that positive
selection results from the intrinsic affinity between thetides with higher homology to the male antigen (Santori
et al., 2001), one might expect that the former self-pep- TCR and MHC but that self-peptides could either pro-
mote (rarely) or disrupt (commonly) this interaction viatides, while abundant, may not be the most relevant self-
peptide ligands in vivo. Two groups studying H-2M3- their effect on the conformation of particular MHC resi-
dues. This is in contrast to the OT-I system where select-restricted TCR transgenics also tested random H-2M3
binding peptides. However, in this case the potential ing peptides can be found when any of the TCR contact
residues of the peptide (p1, p4, p6, or p7) are variedrepertoire of self-peptides capable of binding H-2M3 is
very small. This MHC molecule requires a formylated (Hogquist et al., 1994; Jameson et al., 1994; data not
shown). This implicates both CDR1 and CDR3 regionsmethionine at position 1, and only 13 mitochondrial
genes are thought to give rise to formylated peptides of the TCR chain as well as the CDR3 region of the
TCR chain in positive selection recognition. Thus, forin the mouse. One peptide, derived from NADH dehydro-
genase subunit 1 (ND1) was highly effective at inducing the OT-I receptor, it appears that specific contacts be-
tween the TCR CDR3 regions and solvent exposed pep-positive selection, and three others could do so at high
concentrations (requiring more than 100 times more ex- tide side chains are important during positive selection
(Jameson et al., 1994). Therefore, it may not be surpris-ogenous peptide) (Berg et al., 1999). However, for an-
other H-2M3-restricted TCR (D7), the ND1 peptide was ing that selecting self-peptides for the OT-I receptor
were found to share structural features with the anti-not particularly effective at inducing positive selection.
For this receptor, the most effective peptide was an genic peptide, but not in the case of N15. These two
models of recognition during thymic selection are notexogenous peptide, derived from Listeria monocyto-
genes, although only three peptides were tested in that mutually exclusive and may explain why various studies
of APL may have come to different conclusions. Wereport (Chiu et al., 1999).
In a second approach, we and Ohteki et al. used data- also note that bioinformatics-based searches would be
unlikely to predict selecting peptides in the latter model,base searches to identify putative self-peptides capable
of inducing positive selection (Ohteki et al., 1999; Santori unless distinct rules were anticipated and incorporated
into the profile assembly.et al., 2001). That such peptides were naturally pro-
cessed and presented by Db was confirmed. Since ho- No studies on naturally occurring class II self-peptides
in positive selection have been reported to date. Thismology to the antigenic peptide was used as part of the
experimental design, these approaches confirmed that may reflect the fact that organ culture of 2-microglobu-
lin-deficient or TAP-1-deficient mice, a tool widely usedselecting peptides can be homologous to antigenic pep-
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in each position of the profile an equal weight. The available databy investigators studying class I-restricted receptors,
per position were: 1 (S, R, K, E); 2 (I, G); 3 (I, Y); 4 (N, R); 5 (F, Y); 6has no equivalent in the class II system. Nonetheless,
(E); 7 (K, P); and 8 (L). The TSS values were based on TCR contacttwo groups have reported that antibodies specific to a
residue data (Kelly et al., 1993). TSS was calculated as: TSS	 
NijTij/particular antigenic peptide/MHC complex were able to 100, where Tij is the value given by the profile for an alignment of T
block positive selection of T cells specific for that anti- cell contact residue i with amino acid j.
Expression analysis was performed for the 100 highest scoringgen (Baldwin et al., 1999; Viret et al., 2000) but not other
peptides by accessing the UniGene database at http://www.ncbi.T cells. This block was observed on a selecting back-
nlm.nih.gov/UniGene/. One match to an EST from a thymus cDNAground, i.e., in the absence of the antigenic peptide. A
library was considered indicative of expression in the thymus. Allblocking effect was observed despite the fact that these
redundant peptides were annotated since the same peptide frag-
antibodies did not show dramatic staining of self-MHC ment could be present in proteins with different expression patterns.
in the absence of antigen. This result was interpreted
to mean that the relevant self-peptides for positive se- Fetal Thymus Organ Cultures
lection of those two class II-restricted receptors must Gestation day 16 fetuses of TCR transgenic mice on the TAP-1-
deficient background were cultivated on sponge supported filtersbe structurally related to the antigenic peptide and occur
(Millipore) in medium supplemented with indicated concentrationsat low abundance in normal cells. Altogether, the data
of peptide (Hogquist, 2001). Cultures were arranged so that oneaccumulated to date generally support the notion that
lobe was treated as experimental, while the other lobe from the
structurally homologous, but numerically rare, self-pep- same fetus was treated as control. After 7–10 days, thymocytes were
tides promote positive selection. recovered and analyzed by staining with fluorochrome-conjugated
antibodies to mouse CD4, CD8, CD8, CD24, and V2 (Phar-
mingen).Experimental Procedures
Immunoprecipitation and Identification of Self-Peptides T Cell and Thymocyte Stimulation Assays
Normal mouse serum (NMS), or an anti-Kb-specific antibody (Y3) Activity of peptides in dulling assays was performed using OT-I/
was bound to protein-A sepharose 4B columns or coupled to CNBr- CD8 transgenic TAP-1-deficient thymocytes as previously de-
activated sepharose beads (Pharmacia, Piscataway, NJ). 1  1010 scribed (Hogquist et al. 1997). Stimulation of mature T cells was
EL4 T cell thymoma or LB27.4 B cell lymphoma cells, or 30 whole measured by induction of CD69 in OT-I lymph node (and/or splenic)
thymi from C57BL/6 mice were washed in PBS and resuspended T cells following incubation for 24 hr with peptide at the indicated
in lysis buffer (1  108 cells/ml) (Hunt et al., 1992). Whole lysates doses. TCR antagonism assays were performed as previously de-
were applied first to NMS, followed by mAb affinity column. Peptides scribed (Jameson et al., 1993) using a short-term CTL line derived
were eluted using 10% glacial acetic acid (HPLC grade) and filtered from OT-I mice.
on a 5000 MW cutoff membrane (Millipore, Bedford, MA).
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